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On rip-channelled beaches, intense rip currents are driven by waves due to alongshore variations in
breaking-induced wave energy dissipation. This study addresses for the first time the potential develop-
ment of tidal currents superimposed onto the wave-driven circulation. This phenomenon is observed on a
rip-channelled meso-macrotidal beach (Biscarrosse, SW France). Field measurements show 20 to 45%
stronger mean rip velocities during ebb than during flood. Numerical experiments reveal that this asym-

metry is the signature of tidal currents developing over the rip channel morphology. This asymmetry is
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found to increase roughly linearly with increasing tidal range. These results are significant to beach safety
and lifeguarding and stimulate further numerical exercises.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Surfzone sandbars are ubiquitous patterns in the sand along
wave-exposed coasts. Sandbars often display remarkable along-
shore periodic undulations in both their depth and cross-shore po-
sition referred to as crescentic sandbars or bar and rip systems. On
these rip-channelled beaches, rip currents (narrow seaward-flow-
ing jets) are driven by alongshore variations in bathymetrically-
controlled wave breaking (Bonneton et al., 2010), with rip velocity
fluctuating on timescales of the order of 1 min (infragravity mo-
tions, MacMahan et al., 2004a) and 10 min (Very Low Frequency
motions, VLFs, MacMahan et al., 2004b). These topographically-
controlled rip currents are one of the most deadly coastal hazards
(Scott et al., 2011) and have a significant impact on transport and
dispersion of pollutants, nutrients and tracers (Reniers et al., 2009,
2010; Shanks et al., 2010) and thus to the overall coastal
ecosystem.

Over the last decades, scientists have been working to improve
our understanding of topographically-controlled rip currents
through a variety of techniques including field (e.g., Brander,
1999; MacMahan et al., 2004a; Bruneau et al., 2009; Austin et al.,
2010) and laboratory (e.g., Haller and Dalrymple, 2001; Kennedy
and Thomas, 2004; Castelle et al., 2010) experiments, video imag-
ing systems (e.g., Holman et al., 2006; Turner et al., 2007) and
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mathematical and numerical modelling (e.g., Reniers et al., 2009;
Castelle et al., 2006; Bruneau et al., 2011). In the field, for low- to
moderate-energy wave conditions, tidal elevation is found to dic-
tate occurrence of rip current activity. In most studies, increasing
rip current activity occurs with decreasing tidal elevation resulting
in maximum rip current intensity near low tide (e.g., Brander,
1999; MacMahan et al., 2006). Other studies noticed maximum
rip current intensity between low and mid tide for low- to moder-
ate-energy wave conditions (e.g., Brander and Short, 2000; Castelle
et al., 2006; Bruneau et al., 2009; Austin et al., 2010, 2013) and rip
current likely not flowing at high tide. In addition, on the SW coast
of France, Castelle et al. (2006) and Bruneau et al. (2009) observed
that the occurrence of maximum rip current intensity moves closer
to high tide with increasing incident wave energy. Recently, Austin
et al. (2013) observed the presence of net tidal currents in the
alongshore direction on a macro-tidal beach. These authors noted
maximum tide currents occurring around mid tide, when the max-
imum rip currents occur on the side of the low tide. Overall, the
common perception of rip currents in tidal environments is that
tide acts mainly as a change in water level. This means that, for a
given wave condition and tidal elevation, rip current intensity is
the same during ebb and flood. Yet, a more detailed examination
of the rip current data in Bruneau et al. (2009) suggests that this
is not exactly the case as substantially larger rip current intensities
were measured during ebb than during flood. This corroborates
qualitative lifeguard observations on this stretch of the French
coast which suggest that, during low-energy wave conditions, rip
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currents are more efficient in pulling swimmers away during ebb
than during flood. Accordingly, it is worth testing the hypothesis
that tide-induced currents on wave-exposed rip-channelled bea-
ches are significant.

In Section 2, the study area and the field experiments as well as
the modelling strategy are described. Section 3 presents field evi-
dence of the tidal signature in rip current velocity data at Biscarr-
osse Beach (Bruneau et al, 2009) and model application to
investigate the influence of the hydrodynamic forcing (tides and
wave conditions) on rip current flow asymmetry. A discussion on
the impact of this flood/ebb asymmetry in rip currents is presented
in Section 4.

2. Data and method
2.1. Study site and data collection

The Aquitanian coast is a wave-dominated, high-energy, meso-
to macrotidal environment exhibiting a strongly alongshore non-
uniform and dynamic double sandbar system (Castelle et al.,
2007). The outer and inner bars exhibit most of the time crescentic
patterns and a transverse bar and rip morphology, respectively.
Biscarrosse Beach is located at about 10 km southward of the Arca-
chon Lagoon Inlet (Fig. 1a) and is exposed to high-energy swells
generated in the North Atlantic Ocean that are characterised by
an annual mean significant wave height (H;) of about 1.36 m and
a mean period (T,,) of the order of 6.5 s (Butel et al., 2002). Tides
range from 1.5 m to 4.8 m with an average of about 3.2 m.

During the Biscarrosse field experiment carried out in June 2007
(Bruneau et al., 2009), the beach exhibited a relatively alongshore-
uniform subtidal outer bar and a well-developed inner bar-and-rip
morphology with a wide range of wavelengths (Fig. 1b). A well-
developed bar and rip system (narrow and deep rip channel,
Fig. 1b) was intensively instrumented to investigate the time evo-
lution of wave-driven circulation. Persistent shore-normal waves
were measured during the experiment with offshore significant
wave heights ranging from 0.6 to 3 m and peak periods ranging
from 8 to 11 s. A detailed description of the field site and measured
wave-driven circulation during the experiment is given in Bruneau
et al. (2009). The authors emphasised the strong tidal modulation
of the rip currents for low-energy conditions (H; < 1 m) with a
maximum rip flow magnitude between low and mid tides, and rea-
sonably large mean rip current flows (>0.5 m/s). This behaviour
differs from the one during energetic conditions when intense
undertow dominates the overall rip current circulation throughout
the whole tide cycle.

2.2. Numerical model strategy, set-up and application

Our modelling system couples the spectral wave model SWAN
(Booij et al., 1999) with the non-linear shallow water circulation
model MARS (Lazure and Dumas, 2008) using the depth-averaged
(2DH) mode. Recently, wave-related processes were integrated
(Bruneau et al., 2008, 2011) to compute wave-driven circulation
according to Smith (2006). Defining U, the horizontal velocity
and ¢{, the free surface elevation, mass and momentum conserva-
tion equations can be derived as follows:

ol +0ihU;=—-0,Q; (1)
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where subscript i refers to the two horizontal coordinates. X and Y
represent the alongshore and cross-shore directions, respectively. t
is the time, p is the water density, g is the gravitational acceleration,
h is the mean water depth, H; is the lateral turbulent shear stress, D,

48° \
‘ :
| r
| I
e o) S France
|
\7\ l
PPN, S
| )
| |
| . |
4ol BV OTBISCRY |
l l ;
| | |
440___E@L:___L____:L____.L__
e TR | |
D awm e
Spain @
-6° _50 -4° -3° -20 -1° -Q°

1850

-10

200 m , | 5] -2

Fig. 1. (a) Atlantic front of the French Coast and continental shelf in the Bay of
Biscay. The black box shows the Biscarrosse Beach location; (b) The Biscarrosse
double-barred Beach during the field experiment (June 2007) with the deployment
positions of the ADCP-2, S4 and the ADV4 sensors. Red squares indicate the three
bar/rip morphologies used in the present study. The O level refers to the lowest
astronomical tide. (For interpretation of the references to colour in this figure
caption, the reader is referred to the web version of this article.)

is the roller energy dissipation and, 7¥ and 1% are the surface and
bottom shear stresses, respectively. The wave mass transport is
written as:

- k:
= (FY + "y —L 3
Qi=(E"+E) ook 3)
where k; is the wave number, E” and E" are the energy induced by
the wave-organised motions and the roller contribution, respec-
tively. ¢, is the wave phase celerity and o, is the relative frequency.
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Finally, with the wave group celerity c,, the non-rotational contri-
bution to radiation stresses J is computed as:

- EV /et 1 E
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The surface and bottom friction are given by:

7} = p 0.0015 ||T""||u™ (5)
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where U"™ is the wind velocity at 10 m and U is the wave orbital
velocity magnitude.
The mixing term H; is parameterized as:

Hi = pfu‘)] (VtajUj) (7)

where v, is the horizontal turbulent eddy viscosity coefficient calcu-
lated as:

4

B 1/3
v, = Mh (7) +f, 001 Al (8)

where D" is the wave dissipation due to the breaking, M is a con-
stant set to 2.5, f, is 6.5 m®% /s and A, is the grid spacing. More de-
tails can be found in Bruneau et al. (2011).

To simulate the circulation during the field campaign, the mod-
el was forced along its open boundary by wave directional spectra
and water elevations gathered from an ADCP moored by 10-m
water depth seaward of the outer bar (ADCP-2 in Fig. 1b). Periodic
lateral conditions were applied. A regular grid with 15-m resolu-
tion in both directions was used for both the wave and the flow
models. This model was successfully validated against Biscarrosse
2007 dataset (Bruneau et al., 2011).

3. Description and analysis of the phenomenon
3.1. Description of the tide-induced asymmetry

Measurements carried out during the Biscarrosse field experi-
ment display a striking asymmetrical behaviour of flow patterns
between flood and ebb, as illustrated in Fig. 2b and c. During the
two first days of the campaign, the tidal range was almost constant
(around 3.7 m - cf. Fig. 2a) with roughly shore-normal low-energy
waves (H; ranging from 0.6 to 1 m - cf. Fig. 2a). Analyzing the dis-
tribution of the wave height dependent on the water level (not
shown here) demonstrates that there is no correlation between
the wave height and the water level (for example no higher waves
during the ebb). Fig. 2b shows the 20-min averaged cross-shore
currents at the three different locations of the S4 current metre.
When deployed near the rip neck (mainly first tide cycle, position
S4 — 1 but also near the rip edge during the last cycle, S4 — 3), the
S4 measured significant rip currents between 0.4 and 0.8 m/s with
ebb currents around 40-60% stronger than flood currents. Between
low and mid-tide, for weaker mean currents (0.2 m/s at location S4
- 2), the observed rip current flow is systematically 40 to 90% lar-
ger during ebb compared to flood. This asymmetrical behaviour is
reasonably well reproduced by the model, although the measure-
ments are local (0.50 m from the bottom), while the modelled
velocities are depth-averaged. The analysis of the mean cross-
shore currents in the southern feeder flow (ADV4 location in
Fig. 2c) reveals an opposite behaviour with 100% stronger onshore
currents during flood than during ebb. Thus, it is worth investigat-
ing that the influence of tide is not only restricted to variations of
water level.
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Fig. 2. (a) Significant wave heights (black line) and water levels (blue line); (b)
20 min averaged cross-shore (denoted Cr.-Sh.) currents measured (dark plain line)
and modelled (circles and blue line) at the S4 current metre location, deployed near
the rip neck; (c) 20-min averaged cross-shore currents measured (dark plain line)
and modelled (circles and blue line) at the ADV4 location, deployed in the southern
feeder. Offshore (onshore)-directed currents are negative (positive). References
S4 —1 to S4 — 3 indicate the three deployment locations taken by the S4 current
metre during the field campaign (cf. Fig. 1b). (For interpretation of the references to
colour in this figure caption, the reader is referred to the web version of this article.)

3.2. Origin of the asymmetry

As shown in Fig. 2, the numerical model is able to reproduce the
hydrodynamic circulation over a complex, strongly non-uniform
morphology with fair accuracy. Flow asymmetries between rising
and falling tides for a given water level are well captured. To inves-
tigate the influence of both waves and tides on the rip current
dynamics, the authors performed numerical simulations consider-
ing 3 configurations: (1) tide only, (2) waves with tidal influence
restricted to water level variations (i.e. suite of stationary runs)
and (3) non-stationary runs with tide and waves. In order to inves-
tigate the possible presence of non-linear effects, the results of
simulation (3) were compared with the sum of simulations (1)
and (2). We applied a simplified tide represented by M2 and a
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wave forcing representative of average wave conditions on the
Aquitanian coast (H;=1.36m, T,, =6.55s, a 4° incidence from
the North and a tidal range of 3.2 m). The location of the maximum
rip currents is estimated at each time step for the tide and wave
interaction simulation (3). Then the maximum rip speed for config-
urations 1 and 2 are evaluated at the same locations.

Fig. 3 shows that for configuration (2), the maximum rip flow
velocity is similar during ebb and flood. When tide only is consid-
ered (configuration 1), currents are offshore-directed during the
falling tide and onshore-directed during the rising tide with mag-
nitudes reaching 0.05 m/s close to mid tide. When both tide and
waves are considered (configuration 3), the model shows a rip cur-
rent intensity 20% larger during ebb than during flood. The sum of
the currents predicted in configuration (1) and (2) closely matches
the currents of configuration (3) during the falling tide but is
slightly stronger during the rising tide. This suggests that tide-in-
duced currents are quasi-linearly superimposed on wave-induced
currents.

The tide-induced signatures in rip channels seem to originate
from the filling of the intertidal volume in the associated channels.
To verify this hypothesis, a rough geometric estimate was also per-
formed. First, the surface areas and the cross sections of the three
studied rips were empirically delineated and computed (Table 1).
Then, the mean tidal range during the field experiment implies
vertical variations of the free-surface elevation of the order of
0.00025 m/s at mid-tide. These parameters yield mean currents
ranging from 0.05 to 0.06 m/s for the three studied rips (Table 1).
Although this estimate is very rough and over-simplifies the circu-
lation that occurs in reality, the current velocities obtained are of
the same order of magnitude as those computed with our numer-
ical model.

3.3. Importance of tidal range vs wave conditions

In order to investigate the respective contributions of wave con-
ditions and tidal range (TR) to rip-current flow asymmetry, a set of
30 additional simulations were performed for various combina-
tions of these parameters (5 TR, 3 Hs and 2 T,;). TR was varied from
1.5 to 4.5 m, which corresponds to the range of TR observed at
Biscarosse. Significant wave heights were varied from 0.5 to
2.5 m and mean wave periods were set to 6.5 s or 11 s, which is
once again in line with the local wave climate (Butel et al.,
2002). Wave heights larger than 2.5 m were not considered as un-
der such conditions, wave breaking occurs on the outer bar with
wave-driven circulation on the inner bar increasingly influenced
by breaker patterns across the outer bar. To verify that the ob-
served tide-induced asymmetry is not specific to the instrumented
rip-channel, we extended this analysis to the two other rip chan-
nels located within the computational domain (Fig. 1b).

As the maximum rip current never occurs at the same water le-
vel between the falling and rising tide, the following methodology
was chosen to characterise the asymmetry. Using the time series of
maximum rip current as detailed in Section 3.2 and Fig. 3, the off-
shore currents are integrated over the ebb and flood tide phase, de-
noted Vg, and Vpeoq, respectively. Then a classical formulation is
used:

Vebb — VEood (9)
(Venp + VEiooa) /2

The synthesis of the 30 simulations is presented in Fig. 4. This
figure illustrates the intensity of the asymmetry (colourbar) func-
tion of the tide range; the rip current peak velocity is also given
to provide information on the rip current activity. Results clearly
show that tide-induced asymmetry increases with increasing tidal
range for all wave conditions and all the rip current systems
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Fig. 3. (a) water level - tide restricted to M2; (b) time series of the “maximum” rip
current velocity for each configurations: (1) tide only, (2) waves with tidal influence
restricted to water level variations, (3) non-stationary runs with tides and waves
and (4) the sum of simulation (1) and (2). A representative forcing of the Aquitanian
coast was used: H; = 1.36 m, T,, = 6.5 s, 4° incidence from the North and a tidal
range of 3.2 m.

Table 1
Geometric parameters of the three studied rips and mean resulting velocity at mid-
tide.

Rip-channel Rip-channel cross- Resulting mean
surface area (m?) at  section (m?) at velocity at mid-tide
mid-tide mid-tide (m/s)
Northern 85,000 330 0.06
rip
Central 50,000 200 0.06
rip
Southern 85,000 400 0.05
rip

considered. This analysis also reveals that the asymmetry is weak
(<5%) for a 1.5 m tidal range (microtidal conditions) and increases
quite linearly up to 45% for TR = 4.5 m (Fig. 4c). Fig. 4 also shows an
increase in tide-induced asymmetry with decreasing incident wave
height. The case H;=0.5m shows very strong asymmetries
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Fig. 4. Maximum rip current intensities dependent on the tide range for the set of 30 simulations superimposed with the asymmetry magnitude (cf. colourbar for intensity) of
the rip currents between ebb and flood for each of the three bar/rip morphologies (a-c). The different symbols represent different shore-normal wave forcing (varying

significant wave height and mean period).

(reaching 100%) although the maximum rip currents are very weak
(between 0.1 and 0.2 m/s). The comparison for contrasting rip mor-
phologies also suggests that rip channel morphology has a signifi-
cant impact on the asymmetry. The Northern rip current associated
with a deep and large channel displays weaker asymmetry (5-20%)
while the Southern rip, narrower and with two long feeder chan-
nels, shows a stronger asymmetry reaching 45%.

4. Discussion

4.1. Hydro-geomorphic setting promoting tide-induced asymmetries
in rip currents

The present study demonstrates and quantifies for the first time
the importance of tidal currents on a wave-dominated rip-chan-
nelled beach located in a meso-macrotidal environment. Both
observations and model results show a strong asymmetry of rip
current magnitude, with stronger velocities during ebb compared
with flood. This asymmetry is the strongest between low and
mid tide when both rip activity and the rate of change in tidal ele-
vation are the strongest. Numerical experiments show a weak
asymmetry (<5%) for small tidal ranges because tidal water level

variations are too slow to induce significant tidal currents. This ex-
plains why asymmetries in rip currents have never been reported
in micro tidal environment (e.g. MacMahan et al., 2005, 2006,
2008; Reniers et al., 2007).

Conversely, one could expect very large asymmetries in mac-
rotidal environments, such as in Perranporth, England (e.g. Scott
et al., 2009; Austin et al., 2010). Surprisingly enough, these stud-
ies have never reported significant asymmetries in rip current
magnitude. While net tidal currents are observed by Austin
et al. (2013) in the alongshore-directed flows, no clear asymmetry
was noticed in the measurements. A possible explanation may be
that rip channels at Perranporth are observed in the lower part of
the beach profile, are strongly extended in the alongshore direc-
tion and are only active either side of low tide, i.e. when tide-in-
duced water level variations are slow. The peak of rip currents
(cross-shore velocities) and tide flows (alongshore currents), in
Fig. 4 of Austin et al. (2013) are noticeably shifted. However,
the presence of asymmetry should be verified under energetic
wave conditions, where rip channels may be active around mid-
tide as well as in headland rip settings that, conversely to open
beach rips, do not occur systematically for low water levels (Cas-
telle and Coco, 2013).
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4.2. Implications for sediment dynamics and beach safety

Sediment transport in the nearshore is a function of current
velocity at a power typically ranging from 3 to 5. The results pre-
sented in this study reveal rip currents typically 20 to 45% stronger
during ebb than during flood. Sediment transport that takes place
in rip channels at ebb would thus be up almost one order of mag-
nitude larger compared to flood. This behaviour has the potential
to impact the bar/rip system morphodynamics. Existing numerical
studies have succeeded in reproducing the finite-amplitude
dynamics of bar/rip morphologies using a stationary approach
(i.e. no tidal current generation, e.g. Garnier et al., 2008; Castelle
et al., 2012) with bedform lengthscales and overall patterns mim-
icking those in the field. In addition, bar and rip morphologies on
microtidal and meso-macrotidal beaches are essentially similar
in patterns. Yet, accounting for tide-induced currents in such
numerical exercises will allow in-depth exploration of the role of
tide on rip channel morphodynamics in meso-macrotidal settings
as well as the modulation of the bedform growth, decay and migra-
tion by tidal currents.

Around 80% of the drowning accidents around the world are
due to rip current hazards (http://www.ceoe.udel.edu/ripcur-
rents/safety/index.html, Carey et al., 2006). Our results have strong
implications for beach safety since they suggest that rip currents
may be more dangerous at ebb than flood. This hypothesis is
corroborated by lifeguards’ experience on the Aquitanian Coast
(personal communication) but will have to be investigated further.
Rip current hazard depends on rip velocity, but also on the ability
of the rip to flush out floating material from the surf zone into the
inner shelf region (Castelle and Coco, 2013). Surf zone retention of
rip current systems so far has been addressed on micro-tidal bea-
ches (e.g., Reniers et al., 2009). The impact of tide-induced currents
on the surf zone flushing by rips should be explored further.

4.3. Conclusions and future works

This study reveals 20 to 45% stronger rip currents during ebb
than during flood on a rip-channelled beach located in a meso-mac-
rotidal environment. This behaviour is explained by the superimpo-
sition of tidal currents onto wave-induced currents. Numerical
experiments show that tidal currents are almost linearly superim-
posed on wave-induced currents and rip current asymmetry grows
linearly as a function of the tide range. This phenomenon has poten-
tial implications for sediment transport, beach morphodynamics
and also beach safety. Such tidally-induced asymmetries have
never been reported before. Further field investigations should be
conducted on other meso- to macrotidal sites to further investigate
this phenomenon and provide a more generic description.
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